Introduction {#S0001}
============

Colorectal cancer (CRC) ranks the 3rd most commonly diagnosed cancer worldwide, which resulted in an estimated 881,000 deaths in 2018 \[[1](#CIT0001)\]. More than 70% of CRC is located on the colon, which is also called colon cancer (CC) \[[2](#CIT0002)\]. CC has an especially high incidence and mortality in developed areas, such as North America, Europe and Australia \[[3](#CIT0003)\]. Recently, with the improvement of the economic level, the incidence of CC in East Asia is gradually increasing, and the diagnosis and treatment of CC have become a hot issue of global concern \[[4](#CIT0004)\]. Owing to the continuous development of endoscopic treatments including endoscopic mucosal resection (EMR) and endoscopic submucosal dissection (ESD), which enable radical resection of CC tumor without open surgery \[[5](#CIT0005)--[7](#CIT0007)\], the 5-year survival rate of early CC patients has been over 90%. In contrast, for advanced CC patients with distant metastasis, the median survival was less than 2 years \[[8](#CIT0008)\]. Apparently, identifying CC patient when there is still a chance for endoscopic treatments is significant for improving clinical outcomes. However, so far, there is hardly any method, except for endoscopy, available for early diagnosis of CC \[[9](#CIT0009)\]. For most CC screening programs, participants are determined simply by their age, sex, BMI and other epidemiological factors \[[10](#CIT0010),[11](#CIT0011)\], resulting in low compliance with screening and a significant waste of medical resources. Therefore, the development of alternative approaches allowing detection of CC at an early stage with minimal invasion and easy operation is urgently needed.

MicroRNAs (miRNAs) are endogenous 21-23nt small non-coding RNAs capable of controlling gene expression through post-transcriptional regulation \[[12](#CIT0012)\]. MiRNAs could degrade complementary target mRNAs in an RNA-induced silencing complex (RISC) dependent manner \[[13](#CIT0013)\], which is essential in embryo development \[[14](#CIT0014)\], oncogenesis \[[15](#CIT0015),[16](#CIT0016)\], immune regulation \[[17](#CIT0017)\] and other biological processes \[[18](#CIT0018)\]. MiRNAs had been identified in many biofluids, such as plasma, serum, and urine \[[12](#CIT0012)\], suggesting the potential of developing circulating miRNAs as minimally invasive biomarkers of cancer and other diseases \[[12](#CIT0012),[19](#CIT0019),[20](#CIT0020)\]. There are studies proposed that the majority of circulating miRNAs originated from tumor tissues \[[21](#CIT0021),[22](#CIT0022)\], while other studies also suggested that circulating miRNAs fluctuated in other diseases \[[12](#CIT0012)\]. Recently most diagnostic studies focused on the analysis of free-floating circulating miRNAs \[[19](#CIT0019),[21](#CIT0021),[22](#CIT0022)\]. However, the biogenesis of free-floating circulating miRNA is of high heterogeneity, which could derive from cancer cells, fibroblasts, apoptotic cells, and even necrotic cells, by active transport or passive release \[[23](#CIT0023),[24](#CIT0024)\]. Additionally, the biological function of free-floating miRNA also remains poorly understood, which largely limits its potential as a biomarker.

Exosomes are 40-100nm membrane vesicles derived from cell endosomes, which participate in cell-cell communication \[[25](#CIT0025)\]. A significant amount of small extracellular vesicles (sEVs) were considered to be exosomes, complex membrane packets stuffed with a selection of miRNAs, mRNAs, lncRNAs, proteins, and lipids \[[25](#CIT0025),[26](#CIT0026)\]. In cancer microenvironment, sEVs are released from donor cells into the niche and affect target cells, which is an active biological process and has an important biological function \[[25](#CIT0025),[26](#CIT0026)\]. Additionally, the membrane of sEVs could effectively protect enclosed miRNAs from the RNase presented in biofluids \[[27](#CIT0027),[28](#CIT0028)\], thus making sEVs derived miRNA a more reliable determinand than free-floating circulating miRNA.

There is growing evidence suggested the potential role for sEVs in early detection of many diseases \[[27](#CIT0027)--[30](#CIT0030)\]. However, systematic screening of plasma sEVs derived early CC biomarkers has not yet been reported. In this study, we characterized the total miRNA profile of circulating sEVs enriched fractions in early CC patients paired with non-cancerous individuals with a next-generation sequencing (NGS) method. We identified several sEVs derived miRNAs and combinations which could well distinguish early CC patients from controls, validated those biomarkers in a large independent cohort, and further compared their performance with free-floating miRNAs. The purpose of this study is to identify sEVs derived miRNA biomarkers to discriminate CC in early diagnosis as a minimally invasive method.

Materials and methods {#S0002}
=====================

Patients information and sample collection {#S0002-S2001}
------------------------------------------

A total number of 15 early-stage (TisN0M0) CC patients who received endoscopic surgery of CC at Department of Gastroenterology, Beijing Friendship Hospital (Beijing, China) between January 2017 and June 2018 were enrolled in this study along with 10 non-cancerous (NC) outpatients with different gastrointestinal symptoms recruited as controls for biomarker discovery. Additional 134 participants (58 TisN0M0 CC and 76 NC) were enrolled for validation. Written informed consent was obtained from each participant. This study was approved by the ethics committee of Beijing Friendship Hospital. Peripheral blood samples (6mL) from individuals were collected in EDTA tubes following a regular venipuncture procedure in the morning before any food/water intake. After centrifugation at 3,000 × g for 15 min at 4°C, the plasma was aspirated and stored at −80°C before use.

sEV isolation {#S0002-S2002}
-------------

A total of 3mL plasma was collected from each patient, and each plasma sample was divided into two aliquots (2mL for sEV isolation, 1mL for direct RNA isolation). The ultracentrifugation (UC) method was optimized according to the method previously described \[[31](#CIT0031),[32](#CIT0032)\]. After thawing at 37°C, plasma samples were centrifugated at 3,000 × g for 15min to remove cell debris. Then, the supernatant was diluted by seven-fold volume of PBS, centrifuged at 13,000 × g for 30min, and processed through a 0.22μm filter to remove large particles. The supernatant was ultracentrifuged using a P50AT2-986 -rotor (CP100NX; Hitachi, Brea, CA, USA) at 150,000 × g, 4°C for 4h to pellet the sEVs. The pellet was resuspended in phosphate-buffered saline (PBS) and centrifuged again at 150,000 × g 4°C for 2h. After PBS washing, the sEVs enriched fraction pellet was re-suspended in 100µL PBS. Full description of methodologies was also submitted to EV-TRACK \[[33](#CIT0033)\] (ID: EV190033), summarized in an EV-RNA specific checklist \[[34](#CIT0034)\] (Supplementary file 1), and checked by a MISEV2018 checklist \[[34](#CIT0034)\] (Supplementary file 2).

sEV protein quantification {#S0002-S2003}
--------------------------

The protein concentration of sEVs enriched fractions was quantified by Pierce BCA Protein Assay Kit (Thermo Scientific, Product No. 23,225) according to the product manual. 10μL of each standard and sEVs enriched fraction sample was pipetted into 96-Well Plates, then added 200μL of the WR to each well and mixed plate thoroughly on a plate shaker for 30 seconds. Then the plate was covered and incubated at 37°C for 30min, cooled to room temperature. The absorbance at 562nm on the plate reader was measured. A standard curve was used to determine the protein concentration of each sEVs enriched fraction sample.

Nanoparticle tracking analysis (NTA) {#S0002-S2004}
------------------------------------

Vesicle enriched suspension with concentrations between 1x10^7^/mL and 1x10^9^/mL was examined using the ZetaView PMX 110 (Particle Metrix, Meerbusch, Germany) equipped with a 405nm laser to determine the size and quantity of particles isolated. A video of 60-sec duration was taken with a frame rate of 30 frames/sec, and particle movement was analyzed using NTA software (ZetaView 8.02.28).

Transmission electron microscopy (TEM) {#S0002-S2005}
--------------------------------------

A total of 20µL sEVs enriched solution was placed on a copper mesh and incubated at room temperature for 10min. After washing with sterile distilled water, the sEVs enriched fraction was contrasted by uranyl-oxalate solution for 1min. The sample was then dried for 2min under incandescent light. The copper mesh was observed and photographed under a transmission electron microscope (JEOL-JEM1400, Tokyo, Japan).

Western blot analysis {#S0002-S2006}
---------------------

The sEVs enriched supernatant was denatured in 5× sodium dodecyl sulfonate (SDS) buffer and subjected to western blot analysis (10% SDS-polyacrylamide gel electrophoresis; 50µg protein/lane) using rabbit polyclonal antibody CD63 (sc-5275, Santa Cruz, CA, USA), TSG101 (sc-13,611, Santa Cruz, CA, USA), Alix (sc-53,540, Santa Cruz, CA, USA) and calnexin (10,427--2-AP, Promega, Madison, WI). The proteins were visualized on the Tanon4600 Automatic chemiluminescence image analysis system (Tanon, Shanghai, China).

RNase and proteinase treatment of sEVs enriched fractions {#S0002-S2007}
---------------------------------------------------------

Vesicle free RNA was eliminated by a combined treatment of Protease K (The final concentration 100ug/ml) and RNase A (The final concentration 10ug/ml). First, sEVs enriched fractions were treated with Protease K (TIANGEN, cat. No. RT403) for 30min at 37°C, then treated with RNase A (TIANGEN, cat. No. RT405) for 15min at 37°C.

RNA isolation and RNA analyses {#S0002-S2008}
------------------------------

Total RNA was extracted and purified from plasma sEVs enriched fractions using miRNeasy® Mini kit (Qiagen, cat. No. 217,004) according to standard protocol. RNA degradation and contamination, especially DNA contamination, was monitored on 1.5% agarose gels. RNA concentration, purity, and integrity were assessed using the RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 System (Agilent Technologies, CA, USA).

Library preparation and sequencing {#S0002-S2009}
----------------------------------

For small RNA libraries, a total amount of 2.5ng RNA per sample was used as input material for the RNA sample preparations. Sequencing libraries were generated using NEB Next Multiplex Small RNA Library Prep Set for Illumina (NEB, USA) following the manufacturer's recommendations and index codes were added to attribute sequences to each sample. Adapter Ligated RNA was mixed with ProtoScript II Reverse Transcriptase, Murine RNase Inhibitor, First Strand Synthesis Reaction Buffer (NEB, cat. No. E7330L) and incubated for 60min at 50°C. Size Selection was performed using 6% PolyAcrylamide Gel. We mixed the purified PCR product (25μL) with 5μL of Gel Loading Dye, loaded 5μL of Quick-Load pBR322 DNA-MspI Digest in on the 6% PAGE 10-well gel, run the gel for 1h at 120V. For miRNA, the bands corresponding to \~150 bp were isolated. At last, the library quality was assessed with both the Agilent Bioanalyzer 2100 and qPCR.

The clustering of the index-coded samples was performed on acBot Cluster Generation System using TruSeq PE Cluster Kitv3-cBot-HS (Illumina) according to the manufacturer's instructions. After cluster generation, the libraries were sequenced on an Illumina Hiseq X ten platform and 150bp paired-end reads were generated.

Quantification and differential expression analysis of miRNA {#S0002-S2010}
------------------------------------------------------------

With the help of software Bowtie, clean reads were aligned and compared with sequences in databases including Silva, GtRNAdb, Rfam, and Repbase respectively. Reads with more than 10%N, low quality, length \>32nt/\<16nt, or trimming 3ʹ adapter from the end of reads (no mismatch) were filtered. After filtering unwanted sequences, such as ribosomal RNA (rRNA), transfer RNA (tRNA), small nuclear RNA (snRNA), and small nucleolar RNA (snoRNA), remaining reads were compared with miRNAs from miRbase and Human Genome (GRCh38) to identify known miRNAs as well as the prediction of new miRNAs. Reads counts were generated according to the mapping results of miRDeep2, which was used to calculate TPM. Then we used the TMM method \[[35](#CIT0035)\] in edgeR to normalize the TPM of miRNA.

Target gene prediction, and GO/KEGG pathway enrichment analysis {#S0002-S2011}
---------------------------------------------------------------

For each miRNA with differential expression between CC and NC, its potential target genes predicted by both miRanda and RNAhybrid were included for further analysis. Afterward, we used Blast to align the sequences of target genes with known sequences in Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) database and confirmed the potential biological functions of target genes. GOseq R package based on Wallenius non-central hypergeometric distribution was used for GO enrichment analysis. KEGG pathway enrichment was analyzed using a python program KOBAS \[[36](#CIT0036)\].

Quantification of miRNA expression with qPCR {#S0002-S2012}
--------------------------------------------

The same amount of *Caenorhabditis elegans* cel-39-3p miRNA was spiked into each sEVs sample as an external calibration for RNA extraction, reverse transcription, and miRNA amplification. Total RNA was extracted and purified from plasma sEVs using miRNeasy® Mini kit (Qiagen, cat. 217,004). TaqMan™ advanced miRNA assays were performed for miRNA quantification using Life Taq Man Advanced miRNA cDNA Synthesis Kit (Life Tech, Carlsbad, CA, cat.A28007) and Life Taq Man Fast Advanced Master Mix (Life Tech, Carlsbad, CA, cat.4444557). miRNA quantification was obtained with qPCR using specific miRNA TaqMan gene expression probes (Life Tech, Carlsbad, CA) and an ABI7500 qPCR system (Applied Biosystems) with a miRNA-specific probe mix and cDNA template according to the manufacturer's protocols. The following probes were used: 478,221 for hsa-let-7b-3p, 478,721 for hsa-miR-150-3p, 477,915 for hsa-miR-145-3p, 477,906 for hsa-miR-139-3p, 477,975 for hsa-miR-21-5p, 479,448 for hsa-miR-30a-5p (Life Technologies). All samples were normalized by the initial biofluid input volume used for RNA extraction, and calibrated by the spike-in cel-39-3p to eliminate the minute bias caused by different RNA isolation efficiencies and PCR efficiencies among samples.

Statistical analysis {#S0002-S2013}
--------------------

Statistical tests were performed using R 3.5.1 ([www.r-project.org](http://www.r-project.org)). All tests were two-tailed and False Discovery Rate (FDR) was controlled for multiple comparisons. P \< 0.05 was considered significant. Diagnostic accuracy of candidate miRNAs or their combinations was assessed by receiver operating characteristic (ROC) curves analysis, and the area under the ROC curve (AUC) was also calculated. Packages plyr and reshape2 were used for data sorting and restructuring. VennDiagram, pheatmap, and ggplot2 were used for visualization of results.

Results {#S0003}
=======

Characterization of CC patients' plasma derived sEVs enriched fractions {#S0003-S2001}
-----------------------------------------------------------------------

In this study, we recruited 73 TisN0M0 CC patients and 86 non-cancerous controls (NC). The participants' demographic and clinical information of age, gender, tumor location and *etc*. was summarized in [Table 1](#T0001). The sEVs enriched fractions were extracted from the plasma of all CC patients and controls by ultracentrifugation, and the morphology and sizes distribution of sEVs were evaluated by TEM and NTA. TEM and NTA analysis showed that sEVs in the isolated fractions were oval or bowl-shaped with a size range between 75nm to 200nm ([Figure 1(a](#F0001),b)). Enrichment of the sEV markers CD63, TSG101 and Alix were all detected in the sEVs enriched fractions isolated from the plasma ([Figure 1(c](#F0001))). On the contrary, Calnexin, a negative marker of sEVs was absent in our isolated sEVs enriched fraction samples ([Figure 1(c](#F0001))). Besides, the protein levels of the sEVs enriched fraction samples were also evaluated, and an sEV-associated protein concentration of 163.66 ± 133.21μg per mL plasma was reported.10.1080/20013078.2019.1643670-T0001Table 1.Clinical characteristics of CC patients and noncancerous controls. Discovery set (N = 25)Validation set (N = 134)Gender    Male1388  Female1246Age (years)61.8 ± 12.959.2 ± 13.6Categories   CC1558  Left colon1140  Right colon418 NC1076  Gastritis429  FBD218  Colon polyps07  Cholelithiasis27  Others215 10.1080/20013078.2019.1643670-F0001Figure 1.**Isolated sEVs enriched fractions from participants' plasma**. A. TEM images showed that sEVs were oval or bowl-shaped capsules without the nucleus (left panel: a wide field encompassing multiple vesicles; right panel: a close-up image of single vesicles). B. NTA results suggested that sEVs enriched from plasma were about 75-200nm in diameter. C. sEV markers CD63, TSG101 and Alix were all detected in the sEVs enriched fractions isolated from the plasma, and Calnexin, a negative marker of sEV was absent in our isolated sEVs enriched fraction samples. D. A box plot comparing the RNA concentration (ng per mL plasma) of sEVs enriched fractions isolated from CC and NC groups. E. A box plot comparing the RNA concentration (ng per mL plasma) of total plasma from CC and NC groups. F. A box plot comparing the sEVs enriched fractions-RNA percentage between CC and NC groups.

Total RNA isolated from sEVs enriched fractions was analyzed and quantitated. No significant difference was identified in the RNA concentration of sEVs enriched fractions (ng/mL plasma) between CC patients and controls ([Figure 1(d](#F0001))). Additionally, the total RNA directly isolated from per mL plasma also showed no significant difference between CC patients and controls ([Figure 1(e](#F0001))). sEVs enriched fractions-RNA percentage was calculated through dividing the normalized RNA concentrations of total plasma (total RNA per mL plasma) by RNA concentrations of sEVs enriched fractions (sEVs enriched fractions-RNA per mL plasma). As a result, the sEVs enriched fractions-RNA percentage varies widely between 5% and 75% and showed no significant difference between CC patients and controls ([Figure 1(f](#F0001))).

Comparison of sEVs enriched fractions derived miRNAs signatures between CC patients and non-cancerous controls in the testing set {#S0003-S2002}
---------------------------------------------------------------------------------------------------------------------------------

To get a global profile of the sEVs enriched fraction derived miRNA from the plasma of CC patients, we first tested 25 samples (15 CC patients, 10 controls) in the testing set by miRNA sequencing. For each sample, no less than 20.44M clean reads were generated. A total of 1,883 known miRNAs were detected by sequencing. To avoid bias caused by miRNAs with relatively low expression levels, 1,618 miRNAs with median TPM \>10 were included for the subsequent analysis. In differentially expressing miRNA (DEMs) analysis (\|log2(FC)\|\>0.584, p \< 0.05), 38 miRNAs were found up-regulated, and 57 down-regulated in CC patients than controls. Compared with differentially expressed miRNAs in TCGA dataset, there were 60 DEMs (63.2%) shared between those two analyses, among which 22 were up-regulated and 38 were down-regulated ([Figure 2(a](#F0002),b)), indicating the DEMs in plasma sEVs enriched fractions could reflect the miRNA profile in the primary tumor site.10.1080/20013078.2019.1643670-F0002Figure 2.**sEVs enriched fractions derived miRNAs profiles of CC and NC groups**. A. A Venn diagram showed DEMs shared between TCGA dataset and our plasma sEVs enriched fractions miRNA dataset. B. A heatmap of the 60 DEMs' expression level across all 25 samples in our plasma sEVs enriched fractions miRNA dataset. C. The specificity and sensitivity of each DEMs in identifying CC patients in our plasma sEVs enriched fractions miRNA dataset. D. The specificity and sensitivity of each DEMs in identifying CC patients in TCGA miRNA dataset.

For the screening of potential biomarkers in early CC diagnosis, we calculated the specificity and sensitivity of each DEMs in the testing set ([Figure 2(c](#F0002))). Most candidate miRNAs displayed a specificity of 0.6--1.0 and a sensitivity of 0.8--1.0 ([Table 2](#T0002)), which were further validated in TCGA dataset ([Figure 2(d](#F0002)). Additionally, in an attempt to reveal the potential function of the plasma sEVs enriched fractions derived miRNA up/down-regulated in CC patients, we analyzed the potential impact of those DEMs on protein-coding mRNAs. Bioinformatics miRNA target database analysis revealed that 3,752 mRNAs were targeted by those DEMs, which were mainly enriched in cytoskeleton and cell migration, ATP binding, single-organism biosynthesis, and cancer-associated pathways ([Figure 3](#F0003)).10.1080/20013078.2019.1643670-T0002Table 2.Top 24 miRNAs ranked by Sensitivity × Specificity (miRNA-seq data).miRNA IDP-valuelog2FCSensitivitySpecificitySen\*Spechsa-miR-340-5p6.12E-07−1.45976111hsa-miR-19b-3p7.34E-06−1.483970.93333310.933333hsa-miR-19a-3p1.16E-05−1.456830.93333310.933333hsa-miR-26a-5p2.45E-06−1.416690.93333310.933333hsa-miR-21-5p2.45E-06−0.994030.93333310.933333hsa-miR-145-3p5.93E-051.0690190.93333310.933333hsa-miR-330-5p5.93E-051.4375250.93333310.933333hsa-miR-26b-5p7.34E-06−1.2198610.90.9hsa-let-7f-2-3p1.22E-06−1.185810.90.9hsa-let-7b-3p4.28E-06−0.8670510.90.9hsa-miR-576-3p1.22E-06−0.8208510.90.9hsa-miR-339-3p4.10E-050.79851410.90.9hsa-miR-15b-3p1.84E-05−1.16120.86666710.866667hsa-miR-4840.0001650.6670640.86666710.866667hsa-miR-339-5p0.0001191.0897740.86666710.866667hsa-miR-374a-3p1.84E-05−1.549950.9333330.90.84hsa-miR-501-3p0.0001190.8371070.9333330.90.84hsa-miR-425-5p2.75E-051.3530250.9333330.90.84hsa-miR-30e-5p1.84E-05−1.2406910.80.8hsa-miR-155-5p4.10E-05−0.9400610.80.8hsa-miR-425-3p0.0008990.8299050.810.8hsa-miR-150-3p0.002909−1.430620.8666670.90.78hsa-miR-186-5p0.000899−0.702420.8666670.90.78hsa-miR-181a-2-3p0.0003021.2894870.8666670.90.78 10.1080/20013078.2019.1643670-F0003Figure 3.**Target analysis of differentially expressed miRNAs in the plasma sEVs enriched fractions of CC and NC groups**. GO/KEGG enrichment of mRNAs targeted by the 60 DEMs identified in our plasma sEVs enriched fractions miRNA analysis was performed. A. A bubble plot of GOs (Biological Process) enriched. B. A bubble plot of GOs (Cellular Component, Molecular Function) enriched. C. A bubble plot of KEGG pathways enriched. D. A barplot showed the numbers of DEMs targeted genes in each KEGG pathways (targeted genes \>10).

EV-associated characteristic verification of candidate miRNAs {#S0003-S2003}
-------------------------------------------------------------

Among all DEMs, we selected the miRNA for validation based on previous literature and the verification of their EV-associated characteristics. Let-7b-3p, miR-150-3p, miR-145-3p, miR-139-3p were previously reported existing in cancer patients' plasma and functioning in colorectal cancer ([Table 3](#T0003)), which were also verified as EV-associated ([Figure 4](#F0004)). In order to confirm the origin of these miRNAs, we performed degradation assay using Proteinase K and RNase prior to RNA extraction. Coomassie blue staining verified that the proteins in both plasma and sEVs enriched fractions were largely degraded by Proteinase K ([Figure 4(a](#F0004))). Agilent 2100 Bioanalyzer results suggested that sEVs enriched fraction derived RNA was slightly decreased (about 10%, [Figure 4(b](#F0004))), while RNA directly extracted from plasma was mostly decreased (about 66%, [Figure 4(c](#F0004))) by the pretreatment of Proteinase K and RNase A. We also verified that in sEVs enriched fraction let-7b-3p, miR-150-3p, miR-145-3p, and miR-139-3p could not be degraded by the pretreatment of Proteinase K and RNase A ([Figure 4(d](#F0004))). As a positive control, miR-21-5p and miR-30a-5p, two well known RNP associated miRNAs \[[37](#CIT0037)\], were greatly degraded by the same treatment ([Figure 4(e](#F0004))). Those results suggested that let-7b-3p, miR-150-3p, miR-145-3p, and miR-139-3p were all well protected by sEV membrane in sEVs enriched fractions. In total plasma, let-7b-3p, miR-150-3p, miR-145-3p, and miR-139-3p could be partially degraded by the combined treatment of Proteinase K and RNase A ([Figure 4(f](#F0004))), but miR-21-5p and miR-30a-5p were nearly completely degraded ([Figure 4(g](#F0004))). Those data, accompanied by the previous results, suggested that a significant amount of let-7b-3p, miR-150-3p, miR-145-3p, and miR-139-3p in plasma existed in a sEV-associated manner.10.1080/20013078.2019.1643670-T0003Table 3.Information of the selected miRNAs for RT-qPCR verification.miR_IDReported existing in cancer patients' plasma/serum (PMID)Reported functioning in colorectal cancer (PMID)hsa-let-7b-3pColorectal Cancer (29112225)\
Breast Cancer (24983365)\
Lung Cancer (21544802)Protect intestinal barrier by targeting P38 (29402773)\
Suppress colon cancer cell invasion (28539527)hsa-miR-139-3pColorectal Cancer (28404964)\
Breast Cancer (27864119)\
Esophageal Cancer (30245290)Indicate a poor prognosis (25550849)\
Inhibit colon cancer cell invasion by targeting IGF-IR (22580051)hsa-miR-145-3pOvarian Cancer (30799804)\
Breast Cancer (30891102)\
Cervical Cancer (28534701)\
Lung Cancer (28356944)Antagonize SNAI1-mediated radiation resistance (29475734)\
Inhibit colorectal cancer cell growth via PAK4 (28440035)hsa-miR-150-3pColorectal Cancer (25924769)\
Lung Cancer (27117590)\
Liver Cancer (30003924)Inhibit colon cancer cell growth by targeting c-Myc (25230975)\
Suppress colon cancer progression by targeting VEGFA (28539527) 10.1080/20013078.2019.1643670-F0004Figure 4.**EV-associated characteristic evaluation of candidate miRNAs**. A. Coomassie blue staining showed the total protein level in both plasma and sEVs enriched fractions when treated by Proteinase K and RNase A. B. Representative Agilent 2100 Bioanalyzer results of sEVs enriched fractions derived RNA with (lower panel) and without (upper panel) the pretreatment of Proteinase K and RNase A before RNA extraction procedure. C. Representative Agilent 2100 Bioanalyzer results of total plasma derived RNA with (lower panel) and without (upper panel) the pretreatment of Proteinase K and RNase A before RNA extraction procedure. D. Let-7b-3p, miR-150-3p, miR-145-3p, miR-139-3p levels detected from sEVs enriched fraction samples with and without the pretreatment of Proteinase K and RNase A. E. miR-21-5p and miR-30a-5p levels detected from sEVs enriched fraction samples with and without the pretreatment of Proteinase K and RNase A. F. Let-7b-3p, miR-150-3p, miR-145-3p, miR-139-3p levels detected from plasma samples with and without the pretreatment of Proteinase K and RNase A. G. miR-21-5p and miR-30a-5p levels detected from plasma samples with and without the pretreatment of Proteinase K and RNase A.

sEVs derived miRNAs as biomarkers of early CC in a validation set {#S0003-S2004}
-----------------------------------------------------------------

To validate the specificity of these four plasma sEVs derived miRNAs for CC patients found in the testing set, expression of these four miRNAs was measured by RT-qPCR in the validation set of 134 subjects. To verify the potential of miRNA expression, ROC analysis was performed and AUC was calculated. let-7b-3p exhibited an AUC of 0.792, close to the AUC (0.980) calculated from the testing set ([Figure 5(a](#F0005))). MiR-150-3p, miR-145-3p, and miR-139-3p achieved an AUC of 0.686, 0.692, and 0.679, respectively, which were lower than the AUC calculated from the testing set ([Figure 5(b](#F0005)-d)). In summary, all these four miRNAs provided promising AUC values for discriminating between CC patients from controls.10.1080/20013078.2019.1643670-F0005Figure 5.**Verification of sEVs derived miRNAs as biomarkers of early CC**. Verification of sEVs derived hsa-let-7b-3p (A), hsa-miR-150-3p (B), hsa-miR139-3p (C), hsa-miR145-3p (D) as biomarkers of early CC. The ROC curves of the testing dataset (miRNA sequencing of 25 samples) were shown in red, while the ROC curves of validation dataset (miRNA RT-qPCR of 134 samples) were shown in turquoise.

Additionally, using a logistic model, we combined two of those candidate miRNAs together and obtained improved performance compared with individual miRNA. Notably, let-7b-3p plus miR-139-3p exhibited an AUC of 0.828 ([Figure 6(a](#F0006))), and let-7b-3p plus miR-145-3p exhibited an AUC of 0.901 ([Figure 6(b](#F0006))). Integrating a third candidate could achieve a slightly higher AUC of 0.927 (let-7b-3p, miR-139-3p, and miR-145-3p, [Figure 6(c](#F0006))). The addition of miR-150-3p as a fourth candidate failed to achieve further improvement as compared to the three-miRNA model ([Figure 6(d](#F0006))).10.1080/20013078.2019.1643670-F0006Figure 6.**Performance of sEV miRNA panels as biomarkers of early CC**. Verification of panel 1 (A, let-7b-3p + miR-139-3p), panel 2 (B, let-7b-3p + miR-145-3p), panel 3 (C, let-7b-3p + miR-139-3p + miR-145-3p), panel 4 (D, let-7b-3p + miR-139-3p + miR-145-3p + miR-150-3p) as biomarkers of early CC. The ROC curves of testing dataset (miRNA sequencing of 25 samples) were shown in red, while the ROC curves of validation dataset (miRNA RT-qPCR of 134 samples) were shown in turquoise.

Diagnostic efficacy comparison between sEVs derived miRNAs and plasma total miRNAs {#S0003-S2005}
----------------------------------------------------------------------------------

sEVs derived miRNAs are part of plasma total miRNAs. To understand if analyzing total plasma miRNAs can give the same effect as sEVs, we evaluate the diagnostic efficacy of the above selected four miRNAs directly isolated from plasma and compared it with the same miRNAs isolated from plasma sEVs. Our results suggested that the total plasma level of miR-139-3p was not associated with the plasma sEVs derived miR-139-3p ([Figure 7(a](#F0007))), and miR-139-3p directly isolated from plasma provided lower AUC values for discriminating between CC patients from controls than the miR-139-3p isolated from plasma sEVs enriched fractions (0.601 vs. 0.692, [Figure 7(b](#F0007))). For let-7b-3p, miR-150-3p, and miR-145-3p, their total plasma abundance was also not associated with their abundance in plasma sEVs ([Figure 7(c](#F0007),e,g)). In ROC analysis, all these miRNAs directly isolated from plasma provided lower AUC values than the plasma sEVs derived opponents ([Figure 7(d](#F0007),f,h)). Additionally, when combined the total plasma abundance with the plasma sEVs abundance using a logistic model, a slightly higher AUC was achieved ([Figure 7(d](#F0007),f,h)).10.1080/20013078.2019.1643670-F0007Figure 7.**Comparison between sEVs derived miRNAs and plasma total miRNAs**. A. Total plasma level of miR-139-3p was not associated with the plasma sEVs derived miR-139-3p (Pearson χ^2^ = −0.111, p = 0.912). B. The ROC curves of sEVs derived miR-139-3p (green), plasma total miR-139-3p (blue) and a logistic model combined them together (red). C. Total plasma level of miR-145-3p was not associated with the plasma sEVs derived miR-145-3p (Pearson χ^2^ = −1.138, p = 0.258). D. The ROC curves of sEVs derived miR-139-3p (green), plasma total miR-145-3p (blue) and a logistic model combined them together (red). E. Total plasma level of let-7b-3p was not associated with the plasma sEVs derived let-7b-3p (Pearson χ^2^ = 1.544, p = 0.126). F. The ROC curves of sEVs derived let-7b-3p (green), plasma total let-7b-3p (blue) and a logistic model combined them together (red). E. Total plasma level of miR-150-3p was not associated with the plasma sEVs derived miR-150-3p (Pearson χ^2^ = 0.577, p = 0.565). F. The ROC curves of sEVs derived miR-150-3p (green), plasma total miR-150-3p (blue) and a logistic model combined them together (red).

For multiple miRNA panels, sEVs isolated miRNA based models showed a very obvious advantage over total plasma miRNA based models in identifying early-stage CC patients ([Figure 8](#F0008)). Additionally, integrating the total plasma miRNA based models with their sEVs rivals could also improve the ability of discernment in different degrees ([Figure 9](#F0009)).10.1080/20013078.2019.1643670-F0008Figure 8.**Diagnostic efficacy comparison between sEVs derived miRNAs panels and plasma total miRNAs panels**. Evaluation of panel 1 (A, let-7b-3p + miR-139-3p), panel 2 (B, let-7b-3p + miR-145-3p), panel 3 (C, let-7b-3p + miR-139-3p + miR-145-3p), panel 4 (D, let-7b-3p + miR-139-3p + miR-145-3p + miR-150-3p) as biomarkers of early CC. The ROC curves of sEVs derived miRNAs data were shown in red, while the ROC curves of plasma total miRNAs data were shown in turquoise.10.1080/20013078.2019.1643670-F0009Figure 9.**Diagnostic efficacy comparison between sEVs derived miRNAs panels with and without integrating their total plasma miRNA rivals**. Evaluation of panel 1 (A, let-7b-3p + miR-139-3p), panel 2 (B, let-7b-3p + miR-145-3p), panel 3 (C, let-7b-3p + miR-139-3p + miR-145-3p), panel 4 (D, let-7b-3p + miR-139-3p + miR-145-3p + miR-150-3p) as biomarkers of early CC. The ROC curves of original sEVs derived miRNAs model were shown in turquoise, while the ROC curves of a modified model integrated original sEVs derived miRNAs with their total plasma rivals were shown in red.

Discussion {#S0004}
==========

Here we isolated sEVs enriched fraction from plasma using a standard ultracentrifugation procedure for exosome isolation. Theoretically, once the EVs were secreted into the extracellular environment, we could not determine its specific origin. Thus we used the nomenclature "Generic term extracellular vesicle (EV) + specification (size)", according to the MISEV2018 guideline \[[38](#CIT0038)\] instead of the commonly used term "exosome" in most related biomarker studies. We strongly support the opinion of ISEV that "these definitions (sEV, lEV) are perhaps less biologically meaningful but far more experimentally tractable than the previous exosome/microvesicle definitions" \[[34](#CIT0034)\].

Recently, sEV has attracted much attention as a new minimally invasive diagnostic tool to identify asymptomatic cancer patients \[[25](#CIT0025),[26](#CIT0026)\]. The cargos of sEVs isolated from blood include many different types of cell-free nucleic acids and proteins, among which miRNA has been the research focus in biomarker related translational studies because of its abundance and stability. In this study, a comprehensive analysis of sEVs enriched fraction derived miRNA landscape of early-stage CC patients and non-cancerous controls was performed. Here we identified 38 miRNAs overexpressed and 57 miRNAs down-expressed in CC patients. We selected miRNAs (22 up-regulated, 38 were down-regulated) that were also differentially expressed in the TCGA database as biomarker candidates. The reason why we compare our data side by side with differentially expressed miRNAs identified from TCGA is based on the assumption that miRNAs differentially expressed in colon tumor is more likely to be a valid EV-associated biomarker of CC. We also tried to narrow the range of candidate miRNAs into miRNAs biologically associated with colon cancer to maximize the success rate of EV biomarker verification.

The specificity and sensitivity of each DEMs in the miRNA sequencing data of 25 participants were very close to each other, and most candidate miRNAs displayed a specificity of 0.70--1.00 and a sensitivity of 0.73--1.0. Considering having a small sample size is associated with less precision in ROC estimations, we could not conclude that some miRNAs are definitely better than others only based on the small size miRNA-seq data. Thus, we selected the miRNAs for validation only based on previous literature and the verification of their EV-associated characteristics. All candidates should fulfill three criteria as follows, to maximize the success rate of EV biomarker verification: 1. previously reported existing in cancer patients' plasma; 2. previously reported function in colorectal cancer; 3. verified of EV-associated but not RNP-associated. Finally, let-7b-3p, miR-139-3p, miR-145-3p, and miR-150-3p were used for verification in a large cohort.

Let-7b is one of the most famous miRNA tumor suppressor, which could inhibit cancer cell proliferation by down-regulating MYC \[[39](#CIT0039)\], HMGA2 \[[40](#CIT0040)\] and IMP1 \[[41](#CIT0041)\]. A series of studies have reported that let-7b could be a potential biomarker in ovarian cancer \[[42](#CIT0042)\], non-small cell lung cancer (NSCLC) \[[43](#CIT0043)\], gastric cancer \[[44](#CIT0044)\] and colorectal cancer \[[45](#CIT0045)\]. MiR-139 is a negative regulator of cancer motility, which has a wide target profile including ROCK2 \[[46](#CIT0046)\], IGF-1R \[[47](#CIT0047)\] and MMP11 \[[48](#CIT0048)\]. MiR-139 was considered a potential biomarker of bladder cancer \[[48](#CIT0048)\], hepatocellular carcinoma \[[46](#CIT0046)\], laryngeal squamous carcinoma \[[49](#CIT0049)\] and colorectal cancer \[[47](#CIT0047),[50](#CIT0050)\]. MiR-145 is often known as a tumor suppressor gene in various tumors, which was found down-regulated in osteosarcoma \[[51](#CIT0051)\], ovarian cancer \[[52](#CIT0052)\], gastric cancer \[[53](#CIT0053)\], colorectal cancer \[[54](#CIT0054)\] and hepatocellular carcinoma \[[55](#CIT0055)\]. Recently, a series of studies \[[56](#CIT0056)--[58](#CIT0058)\] consistently revealed the biomarker potential of plasma miR-145 for the screening of early-stage NSCLC. MiR-150 could target on Myb \[[59](#CIT0059)\], EGR2 \[[60](#CIT0060)\] and NOTCH3 \[[61](#CIT0061)\], which was also reported as a cancer biomarker in various types of cancer \[[59](#CIT0059)--[62](#CIT0062)\], especially in colorectal cancer \[[62](#CIT0062)\]. Even though some of those miRNAs were considered as diagnostic or prognostic biomarkers in CRC, this study was still the first one to explore their EV-associated characteristics and their potential in the diagnosis of TisN0M0 CC patients.

The robustness of our miRNA-seq data was confirmed by RT-qPCR analysis of four distinct miRNA candidates in another larger cohort of 134 participants. Here we identify plasma sEVs derived let-7b-3p, miR-150-3p, miR-139-3p and miR-145-3p exhibited an AUC of 0.792, 0.686, 0.692, 0.679, respectively, to distinguish early CC from NC. Many other studies proposed circulating miRNA could serve as a colorectal biomarker and most of them reported an AUC around 0.75 \[[63](#CIT0063)--[65](#CIT0065)\]. Considering nearly all those studies included CC patients of different stage, the performance of sEVs in identifying early-stage CC patients is promising. Numerous studies have shown that the combination of multiple miRNAs could obtain higher discrimination of early-stage CC patients than a single miRNA biomarker \[[19](#CIT0019),[64](#CIT0064)\]. Here we found that combining only two miRNAs (let-7b-3p and miR-145-3p) could obtain an AUC of 0.901, while a three-biomarker panel (let-7b-3p, miR-139-3p, and miR-145-3p) exhibited an AUC of 0.927. Thus, our results showed the great potential of sEVs derived miRNA as a new type of tumor marker.

Although there are many studies on the contents of plasma sEVs cargo \[[66](#CIT0066)--[68](#CIT0068)\], no studies have been reported to compare the RNA in plasma sEVs enriched fraction with the total RNA in plasma. The association in RNA types and abundance between them was still unrevealed. In this study, we found that the ratio of the RNA derived from sEVs enriched fraction to the total plasma RNA varied dramatically from 5% to 75% in different individuals. However, the mechanism underlying this phenomenon still needs further investigation. We also found that for let-7b-3p, miR-139-3p, miR-150-3p and miR-145-3p, there was no statistically significant correlation between their abundance in sEVs and their total abundance in plasma. In summary, our results supported the opinion that sEVs derived miRNAs had a different biological origin from other free-floating circulating miRNAs in blood. It is known that sEVs derived miRNAs are loaded into exosomes selectively by a specific process \[[69](#CIT0069)--[71](#CIT0071)\], thus, the sEVs derived miRNA profile is pre-specified and is not random, which refers to the fact that exosomes induce changes which are preprogrammed in the host cells. In brief, plasma sEVs derived miRNA and plasma total miRNA are two completely different kinds of tumor biomarkers.

We also compared the identification ability of CC between plasma sEVs derived miRNA and plasma total miRNA. Our results showed that the AUC of plasma sEVs derived miRNA was about 0.1 higher than the total miRNA of plasma for let-7b-3p, miR-139-3p, miR-150-3p and miR-145-3p. Considering that these four miRNAs were all screened from sEVs based miRNA sequencing, we could not exclude the possibility that other miRNAs had higher tumor recognition ability as a total plasma miRNA biomarker than as sEVs derived biomarker. Additionally, we found that, in most cases, combining total plasma miRNA and sEVs derived miRNA together achieved a slightly higher AUC in identifying early CC than sEVs derived miRNA alone. Although the extent of improving discrimination is minimal, integration of these two types of biomarkers also provides a new insight for further development and improvement of detection tools of early-stage CC patients.

Compared with other biomarker studies \[[19](#CIT0019),[63](#CIT0063)--[65](#CIT0065)\], we adopted a much more stringent criterion for the selection of participants. In the CC group, we only included patients in a very early stage (TisN0M0), which were very difficult to diagnose by other approaches. Identification of these patients with a noninvasive tool could not only improve the overall prognosis and five-year survival rate of CC but also improve their quality of life and decrease their medical expenditure to a great extent by providing opportunities for a non-surgical endoscopic cure. In the NC group, we did not recruit healthy individuals as most studies. Instead, we recruited the outpatients of the Department of Gastroenterology with various gastrointestinal symptoms as non-cancerous control. Therefore the possible miRNA disturbance caused by other symptoms was taken into account in advance in the screening process of biomarkers, and the false positive rate could be controlled at a lower level in the subsequent validation of early CC screening.

In conclusion, our study suggested that CC patients retained specific plasma sEVs enriched fraction derived miRNA profile at a very early stage compared with non-cancerous controls. In this study, the unique properties of four plasma sEVs derived miRNAs (let-7b-3p, miR-139-3p, miR-150-3p, miR-145-3p) and their combinations were revealed, which proposed a new promising biomarker category of early CC patients.
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